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The increasing demand for higher capacity in optical
networks has made it a challenge to efficiently use the
available bandwidth. Owing to the recent advances in the
fields of high-speed digital signal processing and analog-
to-digital converters (ADCs), use of spectrally efficient
quadrature amplitude modulation (QAM) formats together
with optical coherent receivers has gained interest as a
possible solution. In transparent optical networks, where
various modulation formats and different baud rates are
used, a laudable goal might be to encode and convert a
signal from a simpler modulation format, such as binary
phase shift keying (BPSK) or quadrate phase shift keying
(QPSK), to a higher-order QAM format, such as 16-QAM
or 64-QAM [1,2]. Besides the potential for increasing the
spectral efficiency, conversion/encoding of QAM symbols
is quite valuable for many types of coding, including
encryption/decryption and error correction [3]. To accom-
modate various modulation schemes, such system should
probably be bit-rate and data-format transparent [4].
Reports onQAM signal generation and conversion span

both electronic and all-optical approaches [2]. All-optical
techniques hold the promise for QAM generation at high
baud rates without the strict linearity and bandwidth con-
straints of electronic amplifiers. Previously published re-
sults on the optical techniques include: (a) electro-optic
digital-to-analog conversion using parallel modulators
[5], (b) multiplexing of two 10 Gbaud QPSK signals to star
16-QAM [1], and (c) simulations on various QAM genera-
tion using dual-parallel Mach–Zehnder modulator (MZM)
and phase modulators [6]. Most of these techniques are
generally limited to certain modulation formats, and some
require multiple separate input channels. Given the impor-
tance of QAM signals, a desirable goal would be to achieve
an optical QAM encoder/converter that can accommodate
various input/output modulation formats and operate on a
single channel to increase its spectral efficiency.
In this Letter, we experimentally demonstrate a recon-

figurable and fully tunable QAM encoder/converter that

utilizes a nonlinear sampler incorporated in a coherent
complex coefficient optical tunable tapped delay line [4]
to simultaneously convert and sample 20 and 31 Gbaud
BSPK/QPSK signals to 4∕8∕16∕64-QAM [7].

Figure 1 depicts the conceptual block diagram of the
QAM converter/encoder using an example for QPSK to
64-QAM conversion. In principle, if consecutive lower-
order and higher baud rate input QAM symbols (e.g.,
BPSK or QPSK) are coherently combined and sampled,
they can generate a higher-order and lower baud rate out-
put QAM signal. If x�t� is the input signal, the output
signal, y�t� is:

Fig. 1. Conceptual block diagram of an optical QAM format
converter using nonlinear signal processing.
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y�t� ∝
X∞

i�0

Π�t − iNTs� ×
XN

i�1

cix�t − �i − 1�Ts� (1)

inwhich,Π�t� is a pulse functionwhich has unit amplitude
from time 0 to Ts (symbol time) and is zero outside this
range. The second summation represents a tapped delay
line with N taps and complex tap coefficients ci [4]. The
first summation is in fact a pulse train that samples the
output of the tapped delay line everyN symbol. In the case
ofQPSK to 64-QAMconversion,N is 3 andcoefficients (ci)
can be [1, 0.5, 0.25j]. After sampling, the available free
time slots can be used for time division multiplexing. If
sampling is not used, the output would be a 64-QAM signal
at the baud rate of the original QPSK signal, which now
carries two redundant symbols for every three symbols.
This symbol redundancy could be used in coded modula-
tion formats in conjunction with Viterbi algorithm (with
only 4 states) [3]. Sampling can eliminate this redundancy.
We demonstrate a system that not only can encode/
convert arbitrary constellation points using basic weight-
ing, vector rotation, and addition functionalities, but can
also simultaneously sample the resulting signal. The signal
is first copied to multiple wavelengths in a nonlinear
device in a process known as multicasting. The signal
copies are then sent into a dispersive element in which
different wavelengths travel at different speeds. The
signals are then coherently multiplexed and sampled in
another nonlinear device to create the output [7].
Figure 2 depicts the experimental setup. The input

BPSK/QPSK signal is generated by driving an IQ modu-
lator with pseudorandom bit sequence (PRBS) 231 − 1 to
modulate a continuous wave (CW) laser at wavelength λS
(angular frequency ωS). The signal is then combined
with four amplified CW dummy pump lasers (λD1 to λD4)
and another amplified CW pump at λP and is sent into a
nonlinear periodically poled lithium niobate (PPLN)
waveguide. The signal λS and the pump λP are located
symmetrically with respect to the quasi-phase matching
frequency (QPM) of the waveguide; therefore, they can
mix through the χ�2� sum frequency generation (SFG)
process. The SFG signal then mixes with multiple λDi
pumps through difference frequency generation (DFG)

process and produces multiple replicas of the input data
signal [4]. The center frequency of the generated signal
copies (ωCi � ωS � ωP − ωDi) and their complex ampli-
tude (ACi�t� ∝ AS�t�APA�

Di) are determined by the conser-
vation of energy and phase-matching rules, respectively,
[the asterisk �·�� denotes the complex conjugate] [8]. The
output is then sent into a phase/amplitude programmable
liquid crystal on silicon (LCoS) filter that (i) blocks the
original data signal and the λP pump, and (ii) applies
phase shift of ϕi on the λDi pumps (Fig. 2, schematic spec-
tra). Keeping the original dummy pumps and their corre-
sponding signal copies on the same path will maintain
the phase coherency required for coherent addition in
the final stage. Subsequently, the signal copies and the
dummy pumps are sent through a dispersion compensat-
ing fiber (DCF). In the DCF, each signal copy travels at a
different speed, resulting in a relative time delay of ΔT �
DLΔλ between the signals (D is the fiber dispersion, L is
the DCF length, and Δλ is the wavelength separation of
two signal copies). Δλ is chosen such that the adjacent
signal copies are delayed by one symbol time (Ts) after
the DCF. Next, the delayed signals and pumps are com-
bined with a sampling pump (λP∕Samp) and sent into the
second PPLN waveguide, where similar cascaded SFG
and DFG wave mixings produce a multiplexed signal
at frequency ωMUX � ωDi � ωCi − ωP∕Samp � ωS � �ωP −

ωP∕Samp� with complex amplitude proportional
to �ADiejϕi�ACi�t − �i − 1�Ts�A�

P∕Samp�t�. Therefore, the
total resulting multiplexed and sampled output is

AMUX�t�∝A�
P∕Samp�t�

XN

i�1

jADij2ejϕiAS�t− �i−1�Ts�. (2)

Equation (2) replicates Eq. (1) and is the mathematical
representation of the optical QAM encoder/converter.
The converter/encoder can be reconfigured by varying
the properties of the pump lasers fed into the system:
N (number of dummy pump lasers), jcij (λDi laser
power), ∡ci (LCoS phase on λDi), Ts (spacing between
λDi’s). For example, 3 dB attenuation on a dummy pump
power translates to a factor of 0.5 in the coefficient.
The sampling rate should be set to 1∕N .

As shown in Fig. 2, 20 and 31 Gbaud rates are chosen
(31 GHz is chosen for better electronic signal quality).
The DCF length is L ≈ 425 m with D ≈ −80 s∕nm∕km
dispersion. Therefore, if the adjacent dummy pumps
are located Δλ � 0.95 m apart, the induced delay is
one 31 Gbaud symbol time Ts � DLΔλ ≈ 32.25 ps. For
20 Gbaud signals, the pump spacing is increased to
1.46 nm. The first and the second PPLN waveguides are
4 and 5 cm long, respectively, and their QPMwavelengths
are thermally tuned to ∼1549.6 nm. The signal wave-
length λS is ∼1540.9 nm and the λP pump is ∼1558.3 nm.
For experiments with a sampling pump, λP∕Samp pump is
generated by driving a MZM with a pulse train at half-
clock or quarter-clock repetition rate, followed by an op-
tical tunable delay line for synchronization. The output
signal is filtered, sent into a preamplified receiver and co-
herently detected using a local oscillator at wavelength
∼λS , an optical hybrid, balanced photodiodes, and 32 GHz
bandwidth 80 GSample/s ADC. Offline signal processing
is used to recover the constellation diagrams.

Fig. 2. Experimental setup and schematic wave-mixing
spectra. PC, polarization controller; ATT, attenuator; LO, local
oscillator.
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Figure 3(a) depicts the output spectra of the multicast-
ing and multiplexing stages for conversion of 31 Gbaud
QPSK to 15.5 Gbaud 16-QAM using a half-rate sampling
pump in the second stage. λD2 has 3 dB lower power than
λD1 and 180° phase shift is applied on it in the LCoS filter,
resulting in coefficients of ci � �1;−0.5�. The constella-
tion diagram is shown in Fig. 3(b) together with results
of another configuration where the input is BPSK and the
coefficients are set to ci � �1; j� to create QPSK output.
The error vector magnitudes (EVMs) are also noted in
Fig. 3. Figures 3(c) and 3(d) show results on 20 Gbaud
signals with quarter sampling (5 GHz repetition rate)
for generation of a 16-QAM symbol from four BPSK sym-
bols, demonstrating reconfigurability for different baud
rates and encodings. The coefficients determine the en-
coding of the generated 16-QAM. The 20 Gbaud system is
reconfigured by turning off two lasers to create a 4-PAM
signal, as shown in Fig. 3(d).
In Fig. 4, a CW pump is used instead of the sampling

pulse, resulting in generation of signals with higher-order
QAM and same baud rate. Figure 4(a) depicts the spectra
for generation of 31 Gbaud 64-QAM signal by combining

three QPSK symbols using coefficients ci � �1; 0.5; 0.25�.
The 64-QAM constellations for 31 and 20 Gbaud
are shown in Figs. 4(b) and 4(c). The constellation
diagrams for two sample arbitrary 8-QAM formats are
also depicted showing other phase and amplitude
reconfigurations.

Bit error rate (BER) measurements versus optical
signal-to-noise ratio (OSNR) are shown in Fig. 5. For sam-
pling pump experiments, the measured OSNR penalty at
BER � 2 × 10−3 is ∼2 dB and ∼5 dB for conversions of
31 Gbaud BPSK to 15.5 Gbaud QPSK and 31 Gbaud QPSK
to 15.5 Gbaud 16-QAM, respectively. Due to the transmit-
ter’s higher signal distortion for 20 Gbaud QPSK, the BER
results are slightly better at 31 Gbaud. In nonsampling
experiments, the OSNR penalty for generation of QPSK
from BPSK is ∼1 dB compared to back-to-back measured
QPSK. 16-QAM obtained from QPSK, and 16-QAM gener-
ated from BPSK, required ∼3 dB and ∼7 dB higher OSNR
compared to a back-to-back 10 Gbaud 16-QAM, respec-
tively, (10 Gbaud 16-QAM requires ∼19 dB OSNR for
BER of 2 × 10−3).
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Fig. 3. (a) Spectra of the first and the second PLLN wave-
guides outputs for 31 Gbaud input signal with half-rate sampling
pump. (b) Output constellations. (c) Spectra for 20 Gbaud sig-
nals, and (d) output constellations.

Fig. 4. (a) Output spectra of nonlinear stages for QPSK to
64-QAM conversion. Constellation diagrams showing different
encodings for (b) 31 Gbaud and (c) 20 Gbaud signals.

Fig. 5. BER measurements versus OSNR for experiments with
(a) a sampling pump and (b) with a CW pump.
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